Afzelia xylocarpa is listed as an endangered species on the IUCN World list of Threatened Trees, due to over exploitation for its valuable timber and habitat loss, have resulted in a rapid decline of populations size and local population extinction. Understanding of the processes that determine population genetic structure, gene flow and mating systems is important to conserve and manage the existing populations for this endangered tree species. This study describes the level of genetic diversity and differentiation of fifteen populations of A. xylocarpa in Thailand. Genetic variations at seven nuclear microsatellite loci were examined. The seven nuclear microsatellite loci employed detected a total of 53 alleles (n=432). The nSSRs data indicate that a high level of genetic diversity (H S = 0.575) and low level of genetic differentiation among the 15 examined A. xylocarpa populations. The observed level of genetic differentiation among the 15 populations was low, as revealed by F ST = 0.074 and G ST = 0.078. The results for the nSSRs suggested that all of the populations in North Eastern, Central Thailand and the Klong Lan populations harbored the high genetic diversity and less divergent from the other populations. Therefore, these populations should be assigned the highest priority for conservation of this species.
INTRODUCTION
Deforestation is one of the most serious threats to biodiversity. The causes of deforestation are varied, including population pressure, shifting cultivation, agricultural development, transmigration, forest fire and unsupervised, poor logging practices (World Resources Institute, 1991) . Between 1980 and 1990 tropical forests were destroyed at a global average rate of more than 0.8% per annum, implying that the area of tropical forests has diminished by a 10 th during the last 12 years (FAO, 1997) . In Thailand for example, natural forest cover has fallen to less than 20% of the country's land area, despite 15% of the country being designated conservation areas (Forest Restoration Research Unit, 1998) . It causes climatic change, recurrent floods, soil erosion, and loss of fertility, degradation of watersheds, deterioration in the quality of life and loss of wildlife habitats. This result in loss of species populations, reductions in remnant population sizes, changes in densities of reproductive individuals, reduced reproductive success, increased isolation of remnant populations and reduced genetic variability (Prober and Brown, 1994) through genetic bottlenecks and mating systems.
Genetic diversity is directly related to a specie's ability to survive environmental change. It is the basis of all biodiversity and is widely recognized as a key requirement for the long-term survival of species on an evolutionary time-scale. It provides the template for adaptation, evolution and survival of populations and species, especially in environments that are subject to climate changes or the introduction of new pests, pathogens or competitors (Rajora and Mosseler, 2001) . The loss of a single species can set off a chain reaction affecting many other species distributing each forest ecosystems. Thus, conserving genetic diversity is one of the most profound challenges facing forest managers relying on either natural or artificial.
Genetic analysis of populations requires suitable markers that can elucidate fine-scale details of spatial structure (Streiff et al., 1998) and reconstruct gene flow patterns (Streiff et al., 1999) . Microsatellites have become the preferred marker in many studies because of their high allelic diversity, reliability of scoring and co-dominant inheritance. Microsatellites, also known as simple sequence repeats (SSRs) (Tautz, 1989 ) and short tandem repeats (STRs) (Edwards et al., 1991) , have strong discriminatory power and are becoming a popular tool for the studying of genetic diversity, gene flow and conservation of natural plant populations (Chase et al., 1996; Dow et al., 1995; Dayanandan et al., 1997; Streiff et al., 1998; Ueno et al., 2000) . Microsatellites are short stretches of tandem repeated, simple DNA sequences such as (GT) n or (CAC) n (each generally less than 5 base pairs in length) (Zhao and Kochert, 1993) . However, application of microsatellite markers (or very large numbers of markers) must be used with some caution in conservation genetics (Hedrick, 2001) , because statistically significant differences might not reflect biological important differences, or might give a different signal than do other markers (Balloux et al., 2000) The microsatellite markers for Afzelia xylocarpa have been developed using dual suppression polymerase chain reaction (PCR) technique (Pakkad et al., 2009 ). These loci provide microsatellite markers with high polymorphism. The markers are available for more detailed investigation of population genetic structure and gene flow among A. xylocarpa populations. The objectives of the present study were to assess genetic variation among and within populations of A. xylocarpa in Thailand, using nuclear microsatellite markers. Specifically, the present study aimed to determine levels and the distribution of genetic variability within and among populations as well as develop guidelines for conserving the species using Pakkad et al. 367 the acquired genetic information.
MATERIALS AND METHODS

Study species
A. xylocarpa (Kurz) Craib (Caesalpinioideae) is a deciduous tree, reaching heights up to 30 m and diameters at breast height of up to 150 cm. It is native to Cambodia, Laos, Myanmar, Thailand and Vietnam. In the natural distribution, it occurs in scattered locations in mixed deciduous, dry evergreen or dry dipterocarp forest, at elevation of 100 -650 m in areas with uniform rainfall regime, 1000 -1500 mm/year, a dry season of 5-6 months, mean annual temperature of 20 -32°C and an absolute minimum temperature of 10°C. The attractive reddish timber is very valuable in the region and is often used for construction, furniture, plywood, veneer, musical instruments, interior decoration and wood carving. The wood from the large branches is also used and the lumped wood near the base of the trunk is highly priced. The young green seed are edible and the seed pulp can be used to make cigarettes. The bark is used for tanning leather and herbal medicine. It is a nitrogen fixing tree and suitable for agroforestry and for soil improvement, but planted only on a small scale. Currently, it is listed as an endangered species on the IUCN World list of Threatened Trees, due to over exploitation for its valuable timber, habitat fragmentation and a low rate of nature regeneration. Its population has declined rapidly with several local population extinctions. (Table 1) . Total genomic DNA was extracted from the leaves of each sampled tree using a modified cetyl trimethyl ammonium bromide (CTAB) method described by Murray and Thompson (1980) .
Sample collection and DNA extraction
Microsatellite markers and genotyping
Seven nuclear microsatellite markers were selected for genotyping A. xylocarpa: Axy015, Axy087, Axy2-49, Axy2-58, Axy2-58(2) (Pakkad et al., 2009 ), Axy061 (Accession: AB441865.1) and Axy 2-27 (Accession: AB441868.1) developed for A. xylocarpa (Pakkad, unpublished data) . The sequences of forward primers for both locus Axy061 and Axy2-27 were ACACACACACACAGAGAGAGAG and the reverse primers for the locus Axy061 AND Axy2-27 were GAAAGAGAAAGATAGGTCAGGGA and CCAAATCTCAATTTAACCATCAA, respectively.
PCR amplification was performed in 10 l reaction mixtures containing 10 ng of template DNA, 1X PCR buffer (20 mM Tris-HCl pH 8.3, 50 mM KCl), 200 M of each dNTP, 1.5 mM MgCl 2 0.2 M of each primer and 0.25 units of Taq polymerase. The PCR conditions were an initial denaturation step at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, annealing temperature for 30 s, 72°C for 30 s, then a final extension at 72°C for 7 min. PCR products were separated using a 3100 ABI prism Sequencer with GeneScan software (Applied biosystems)
Statistical analysis
The 15 populations were divided into four groups (Northern, North Eastern, Central and Western Thailand), based on their geographical locations, for genetic analysis ( Figure 1 ). The Northern and western Thailand are characterised by high mountains and steep river valleys, lies on the fringe of the Himalayan foothills, which give way to the plains of the North Eastern. The North Eastern or Korat Plateau is an arid region characterized by a rolling surface and undulating hills. The Chao Phraya River and its four main tributaries have formed the alluvial floodplain of the Central Thailand. The genetic diversity at the nSSR loci in each population and each group was quantified in terms of the number of alleles per locus (A), allelic richness (Ar) (El-Mousadik and Petit, 1996) , the mean observed heterozygosity (Ho), and gene diversity (H) (Nei, 1987) using FSTAT 2.9.3 software (Goudet, 1995) . The numbers of ''private alleles'' (Slatkin, 1985) , that is, the numbers of alleles not present in other populations or groups (Kp) were counted. Deviations from Hardy-Weinberg expectations were determined by  2 analysis and calculating inbreeding coefficients (F IS , Weir and Cockerham, 1984) using Genepop web Version 3.4 (Raymond and Rousset, 1995;  http://genepop.curtin.edu.au/genepop) and their significance (F IS ≠ 0) was tested by 1000 permutations. Bayesian clustering approach implemented in STRUCTURE Version 2.1 (Pritchard et al., 2000) was used to detect clusters structure and estimate the number of populations (K) in a sample and to assign individuals to one or more of these populations (K). This approach assumes Hardy-Weinberg equilibrium and linkage equilibrium between loci within populations. The analyses were conducted under the admixture model and the option of correlated allele frequencies between populations. The number of genetically distinct clusters (K) was set to vary from 1 to 15 (total number of populations). The model was run five independent simulations for each K, used a burn-in length of 30,000 and a run length of 100,000 iterations. Other parameters were set to default values as suggested by Pritchard and Wen (2003) . The K statistic, based on the rate of change of log likelihood of data [L (K)] between successive K values was used to select the optimal K fallowed Evanno et al. (2005) .
Contributions of each population to the total diversity (CT) and the total allelic richness (CTR) were calculated following the study of Petit et al. (1998) . Two components of the total contribution of each population to diversity -the diversity within it (CS and CSR) and its differentiation (CD and CDR) -were also estimated for total diversity and allelic richness, respectively. These statistics satisfy the following relationships: CT = CS + CD and CTR = CSR + CDR (Petit et al., 1998) . The gene diversity in the total population (H T ), the average gene diversity within populations (H S ) (Nei, 1987) , the proportion of the total genetic diversity that occurs among population (G ST ) (Nei, 1973) , and the coefficient of genetic differentiation among populations under an infinite allele model (IAM) (F ST ) (Wier and Cockerham, 1984) were estimated using FSTAT. The significance of differentiation at each locus was tested by the loglikelihood (G)-based exact test (Goudet et al., 1996) , using a Markov chain method in Genepop web Version 3.4.
Analysis of molecular variance (AMOVA; Excoffier et al., 1992 ) was performed to examine the hierarchical genetic structure, using the program ARLEQUIN Version 2.000 (Schneider et al., 2000) with three levels of population structure. As shown in Figure 1 and Table  2 , four geographic groups were defined a priori. Genetic variation was partitioned into three levels: among groups, among populations within groups and within populations. The significance of the variance components and the differentiation statistic was tested with 10,000 permutations. Mantel tests (Mantel, 1967) were carried out using ARLEQUIN to test the significance of isolation by distance patterns, regressing pairwise population F ST /(1 -F ST ) values against the log-transformed geographic distances between the respective pairs of populations (Rousset, 1997) . The geographic distances used were the great-circle distances between populations calculated from their longitudes and latitudes, using Excel software. In addition, the gene flow estimates (Nm) were calculated as Nm = (1 -G ST )/4G ST (Slatkin and Barton, 1989) .
For nSSRs, Nei's standard genetic distances (Nei, 1972) were used to construct UPGMA and neighbor-joining (NJ) phylograms and confidence levels for the topologies were estimated by resampling over loci with 1000 bootstrap replicates. The genetic distance estimates, bootstrapping, unweighted pair group method using arithmetic averages (UPGMA) and neighbor-joining (NJ) phylograms, and consensus tree construction procedures were carried out using ''Populations 1.2.28'' software (Langella, 1999) .
RESULTS
The seven nSSRs loci were found to be moderately polymorphic, with numbers of detected alleles for each locus ranging from 2 (Axy015) to 15 (Axy2-58(2)) ( Table  3) . A total of 53 alleles were identified among the 432 individuals with a mean of 7.57 per locus. The average expected heterozygosity per locus over 15 populations ranged from 0.358 (Axy015) to 0.776 (Ay2-49) (Table 3) , with a mean of 0.620 over all loci. The heterozygosity at locus Axy015 was low since only two alleles were detected.
Bayesian clustering of the information from the seven nSSRs loci demonstrated that the model with K = 5 explained the data satisfactorily. This finding suggests that the most probable number of clusters was 5 based on our data for 432 individual from 15 populations. The most individuals of Mae Ping (1), Pha Glong (2), Mae Yom (3) and Khun Tan (15) populations were assigned to cluster I; the most individuals of Phu Pha Man (4), Phu Pha Yol (5) and Phu Sa Dok Bua (6) populations were assigned to cluster II; the most individuals of Western part of Kao Yai (7), Sa Kae Raj (8) and Eastern part of Kao Yai (9) populations were assigned to cluster III; the most individuals of Phud Ta Chay (10), Klong Lan (11), Kaeng Kra Chan (13) and Salak Pra (14) were assigned to cluster IV, while the most individuals of Sam Roi Yod population were assigned to cluster V (Figure 2 ). Within the 15 populations, the average number of alleles over the seven loci ranged from 3.3 (Sam Roi Yod (12)) to 5.6 (Phu Pha Man (4)) at the population level and 3.9 (Western Thailand) to 5.3 (North Eastern Thailand) at the group level (Table 2) . Allelic richness (A R ) was calculated for 24 gene copies; there was a maximum value of Figure 2 . Genetic relationships among the 15 populations, estimated using STRUCTURE (Pritchard et al., 2000) and data on seven nSSRs loci. Population numbering is as follows: 1, Mae Ping; 2, Pha Glong; 3, Mae Yom; 4, Phu Pha Man; 5, Phu Pha Yol; 6, Phu Sa Dok Bua; 7, Western part of Kao Yai; 8, Sa Kae Raj; 9, Eastern part of Kao Yai; 10, Phud Ta Chay; 11, Klong Lan; 12, Sam Roi Yod; 13, Kaeng Kra Chan; 14, Salak Pra; 15, Doi Khun Tan.
4.73 in the Phu Pha Yol (5) population and a minimum value of 3.19 in the Kaeng Kra Chan (13) population. The private alleles were found only two populations of the Western part (7) and Eastern part (9) The Phu Pha Yol (5) population contributed most to the total diversity (CT), via its large intrinsic diversity within it and the Phu Sa Dok Bua (6) population contributed nearly as much (Figure 3) . The contributions to total diversity of the Phu Pha Man (4), Western part of Kao Yai (7) Sa Kae Raj (8) and Phud Ta Chay (10) populations were positive, due their own diversity. The contribution to total diversity of the Mae Ping (1), and Sam Roi Yod (12) populations were also positive, however due to divergence from the other populations. The contributions to total diversity of the other populations were negative, due to a lack of inherent diversity in the Pha Glong (2) and Mae Yom (3) populations, and due to a lack of divergence from the other populations in the Eastern part of Kao Yai (9), Klong Lan (11), Kaeng Kra Chan (13), Salak Pra (14) and Doi Khun Tan (15) populations.
The results based on the contributions to the total allelic richness (CTR) were similar to those based on total diversity (CT), except the Mae Ping (1), Phud Ta Chay (10) and Sam Roi Yod (12), which were negative result (Figure 3) . The Phu Pha Yol (5) population also showed the highest value, due to its own diversity. The positive contributions to the total allelic richness made by the Phu Pha Man (4), Phu Sa Dok Bua (6), Western part of Kao Yai (7) and Sa Kae Raj (8) were mainly due to their own allelic richness (Figure 3 ).
An AMOVA of hierarchical gene diversity revealed that genetic variation among individuals within populations accounted for 91.57% of the total molecular variance (Table 4) . A further 3.66% of the total variance was distributed among populations within groups, whereas 4.76% of the variance occurred among groups. All differentiation statistics were highly significant (P < 0.001). The coefficient of genetic differentiation among populations was estimated with different statistics. The F ST and G ST values were estimated to be 0.074 and 0.078. The UPGMA and NJ trees based on Nei's genetic distances for nSSRs are shown in Figure 4 . The relationship between genetic differentiation and geographical among pairwise comparisons of populations was investigated using the Mantel test. Mantel test showed a significant correlation between populations differentiation measured as F ST /(1-F ST ) and the natural logarithm of the geographical distance between populations (r = 0.5518; P < 0.001 with 1,000 permutations) ( Figure 5 ).
DISCUSSION
Forest fragmentation reduces the size and increases the spatial isolation of populations; therefore, it is theoreticcally expected to reduce the heterozygosity, to cause the loss of intermediate-frequency alleles, to increase the inbreeding coefficient, consequently, to reduce the effecttive population size and to increase the genetic differentiation among populations due to restricted gene flow and genetic drift (Hamrick et al., 1992; Young et al., 1996; Young and Boyle, 2000) .
In the present study, the nSSRs data indicate that a high level of genetic diversity (H S = 0.575) and low level of genetic differentiation among the 15 examined A. xylocarpa populations. The observed level of genetic differentiation among the 15 populations was low, as reveled by F ST = 0.074 and G ST = 0.078. This result was further confirmed by the AMOVA analysis, with 91.57% of the genetic variation existed within populations (Table 4) . Afzelia (Caesalpinioideae) species are pollinated by large Xylocopa bee (Kato et al., 2008) to be capable of flying distances of several kilometers thus affecting pollen dispersal between plants at great distances. The gene flow estimates (Nm) was estimated at 3.13, indicating a very high migration rate among 15 populations. According to the study of Wright (1931) , migration rates of greater than one migrant per generation may be sufficient to prevent the differentiation among populations. The migration rates estimated from this study was above that level and appeared to be sufficiently high to counteract of the fragmented distribution on population structure. Field observation also showed that this species also can re-establish from stump sprouts which the potential importance of stump sprouting in the logged populations as a mechanism maintaining genetic diversity. Four populations exhibited a significantly positive inbreeding coefficient (Table 2) , possibly due to the presence of null alleles and/or the non random mating of individuals within these populations. For the other populations, low F IS values and did not significantly different from zero, indicate that the populations are largely out breeding with minor degrees of inbreeding.
High genetic diversity and low genetic differentiation among populations in rare plants is attributable to a number of factors including: insufficient length of time for isolation (Coates, 1988) , adaptation of genetic system to small population conditions (Coates, 1988; Rossetto et al., 1995; James, 2000) , recent fragmentation of a once continuous genetic system (Rossetto et al., 1995) , or extensive, recurrent gene flow between populations due to the combination of bird pollination and high outcrossing rates (Maguire and Sedgley, 1997; Chiang et al., 2006) . Such results were achieved previously in a number of studies of rare and endangered species, including Acacia anomala (Coates, 1988) , Swietenia humilis (White et al., 1999) , Swietenia macrophylla (Lemes et al., 2003) , Magnolia stellata (Setsuko et al., 2007) , Prunus africana (Farwig et al., 2008) , Dalbergia monticola (Andrianoelina et al., 2009) and Shorea robusta (Pandey and Geburek, 2010) . On the other hand, low genetic diversity and high genetic differentiation among populations had been detected in Eugenia dysenterica (Zucchi et al., 2003) , Caesalpinia echinata (Cardoso et al., 1998) , Glyptostrobus pensilis (Li et al., 2005) , Vitellaria paradoxa (Sanou et al., 2005) . The Phu Pha Man (4), Phu Pha Yol, Phu Sa Dok Bua (6), Western part of Kao Yai (7), Sa Kae Raj (8), Eastern part of Kao Yai (9) and Phud Ta Chay (10) populations harbored high genetic diversity (Table 2 ). These possibilities due to all of these populations are located in North Eastern and Central part of Thailand. In the past, these areas were a large and continuous mixed deciduous, dry evergreen and dry dipterocarp forest, which is the habitat of this species. Therefore, the North Eastern and Central part of Thailand seem to be a center of species' distribution and old source of this species. An older source population is expected to harbor more genetic variation than a population founded more recently from it, because of a longer time to accumulate mutations (Jorde et al., 1998) . In addition, the connectivity between the populations in these groups as a result of gene flow between them is likely to be important in maintaining their genetic diversity and minimizing genetic drift. The contribution profile (Figure 3) shows that all of the populations in the North Eastern and Central Thailand contribute strongly to the total diversity through their inherent diversity and were less divergent from the other populations. Millar and Libby (1991) suggest that it may not be the genetically distinct outlier populations that should rank highest but the core population from the center of the species range, and that within-stand diversity may be qualitatively more important than the uniqueness of a population.
In contrast, the populations in Northern Thailand had the lowest genetic diversity (Table 2) . These populations are located in a small plain area and surround by the high mountain. The explanation may account for the low level of genetic diversity occurred in these populations possible due to mountain barriers to gene flow. Limited gene flow tends to generate marked genetic structures, that is, a spatially structured distribution of genotypes and alleles within and among populations. Because plants are sessile and pollen and seed dispersals are limited, marked aggregations of close relatives tend to form. Thus, mating among neighboring individuals often results in inbreeding depression (Waser and Price, 1979; 1991; Campbell and Waser, 1989; Fenster, 1991; Campbell and Dooley, 1992; Moran-Palma and Snow, 1997; Nuortila et al., 2002) . The limited gene flow showed some of these effects in Mae Ping (1) and Pha Glong (2) populations, resulted in less genetic diversity than the other populations and positive and significant different from zero for F IS value. The contribution to total diversity (CT) of the Mae Ping (1), Pha Glong (2), Mae Yom (3) populations were also very divergent from the other populations (Figure 3) . Clearly gene flow with other populations must be absent or extremely low, and actually the coefficient of differentiation between those populations and the rest was the largest of all.
Population structure
Two phylogenetic dendrograms based on Nei's genetic distances were constructed for nSSRs, an UPGMA tree and an NJ tree (Figure 4) , both of which agree with the geographic grouping in Table 2 . This is consistent with the results of the STRUCTURE analyses, which clearly identified the five clusters of populations. The most individuals of populations in the Northern and Northern Eastern Thailand were assigned to cluster I and II, respectively. The most individuals of populations in the Central Thailand, except for the Phud Ta Chay (10) populations were assigned to cluster III, The most individuals of populations in the Western Thailand (except for the Sam Roi Yod (12)) and Phud Ta Chay (10) populations were assigned to cluster IV (Figure 2 ). These observations suggest that extensive gene flow has occurred among populations within the large, continuous forested areas. The Sam Roi Yod (12) population of the Western Thailand were assigned to cluster IV, and the contribution to total diversity (CT) of this population were also very divergent from the other populations (Figure 3 ), indicated this population was slightly isolated. A strong correlation between genetic and geographical distances (Mantel test: r = 0.5518; P<0.0001) revealed a pattern of isolation-by-distance across the distribution range of A. Xylocarpa in Thailand. This pattern suggested that the dispersal of this species might be constrained by distance such that gene flow is most likely to occur between neighboring populations (Hutchison and Templeton, 1999; Slatkin, 1993) .
Implications for conservation
The maintenance of genetic variation is one of the major objectives for conserving endangered and threatened species (Avise and Hamrick, 1996) . A. xylocarpa is threatened throughout its range in Southeast Asia as a result of over-exploitation and habitat destruction between 1945 to 1975, which have clearly reduced local population sizes and led many populations to local extinction. Habitat degradation caused by selective logging and, most importantly, through conversion of forest into agriculture land likely to reduce the colonization of new sites, despite the ability of this species to regenerate in disturbed habitats. Understanding genetic variation within and among populations provides essential information in the formation of appropriate management strategies directed towards their conservation (Milligan et al., 1994) .
In this study, the genetic diversity and differentiation of 15 populations of A. xylocarpa in Thailand were analyzed using nSSRs. The results for the nSSRs suggested that all of the populations in the Northern Eastern, Central Thailand and the Klong Lan (11) populations harbored the high genetic diversity and less divergent from the other populations (Table 2 and Figure 3) . Therefore, these Pakkad et al. 375 populations should be assigned the highest priority for conservation of this species in Thailand. In addition, the majority genetic variation observed in this study resides within rather than among populations suggesting that a subset of populations need only be included in ex situ conservation program in order to capture most of the genetic variation within species. This is the first report concerning the genetic diversity and differentiation of this species, and provides basic genetic information that should facilitate attempts to conserve it. In further study, there is a necessity of the evaluating genetic diversity and differentiation in other countries, and comparing with Thailand's populations using results from this study for the establishment conservation scheme of A. xylocarpa in Southeast Asia.
